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ABSTRACT

~ A report 1s presented on the progress made to date fcr
the reaction of both superhezated steam and 1liquid water
with 1ligqeid scdium-potassium alloy of 66 Wgt. % K corposi-
tion. he conelusion is drawn, after assuming certain con-
ditions, that ths reaction of NaK and sunerhesated stean 1is
of little hazard. A method is suggested for controlling
the anount of damage that is possible in the reacticn of

NaK and liquld water.

s A rough approximation is also presented of the
theoretical adlabatic and isothermal reactions of Na and
HpoO assuming a ccmpletely filled and rigid container..
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INTRODUCTIO

1f sodium-potassium alloys (referred to as NaK) are to

be used to any great extent as a heat transfar medium for

the Froduction of steam, a study nust be made to dsternine
the hazard involved shotrld a leak or hraak occur in the heat
exchanger. It 1s assumed that in order to obtain superheated
steam two exchangers will be usedj one for tha evaporation

of the ligquid water, the othar for suparhecating the steam
after it leaves a separator which connects the two units.

Keeping this arrangement of exchangers in mind, a
saries of tests wers made using steam and liquid water with
NaK, the results of which as yet are not conclusive; however,
the inforration obtained to date is of enough 1npor%ance to
warrant a report on the progress rade thus far.

The taests made to date fall into s¢ight seriess; each
serios 1s an attempt to study some different phase. The
eight series of runs are as follows and will bo presanted
saparately. :

1. The reaction of NaK and superheated steam.
2. The first series of runs using NaK and liquid water.:

3. The reaction of NaK and liquid water in a closed
container with a known interface.

4, The first attermpt to determine the effect of the
pressure frcnt created by the reaction.

5. A series of tests neasuring pressure at four
points on an extended system.

6. A series of tests on a simple reactor to deternine
the effect of position, pressure and speed of the
opening device.

7. Second attempt to determine the effect of the
pressure front cra2ated by the reaction.

8. Third attempt to determine the effect of the
pressure front created by the reaction.

All pressure measurements were made with electronic
equipmant supplied by Electro Products Corporation. This
equipment ccnsists of a pressure pickup, a pressuregraph,
an oscillograph, and a camera. A curront of high freguency
i1s sent to the pressure pickup which consists of two flat
plates, one being grounded. The grounded plate 1s a flat
diaphragm which, when stressed by the pressure inside the

chamber, changes its shape, thereby changing the distance
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between the two plates and causin% a varlation in the capac-
itance of the pickup. This variation is picked up in the
g:essuregraph and sent into the oscillograph. The resulting

am on the cathode rav tube shows up as a line whose change in
width indicates a change in pressure.

EXPCRIMENTAL UNITS AND RESULTS

The description, procedure and results of the eight
series of runs are presented in order.

l. IThe reactlon of NaK an gugerhegted steam. This
series of runs was rade in equipment shown in Figure 1lA. The
upper and lower chambers were made from type 347 standard 4"
stainless steel pipe. The intsrrmediate nlate, as shown,
contained a 1/2" orifice. The pressure pickups were located
at the extrerie ends as shown. he two chanbers were separated
one from anothar by a plunger which seated or the sharp edge
of the orifice. This plunger was relsased by a trigger
mechanisn which set into operation a svstem of springs which
in turn pulled the plunger from 1ts seat. '

The equipment, alter first belng avacuated, was charged
with approximately 2% pounds of NaK in the top chamber and a
small amount of water in the bottom chamber. Both chambers
were heated electrically. Stear is bled from the bottom
chambar until the desired dugree of tepperature and pressure
was reached to insure anpproxirately 158 superheoat. he pressure
in the steam chamber was set higher than that in the reaction
chanber so that when the plunger was pulled the steam would
bubble up thrcugh the NaK. Three runs were made at different
pressures. The results showed an overall decrease in the
final pressure as would have been pradicted by the Eas-law
taking into considaration the chemical change and the heat of

o

reaction from the following equation:

NaK ¢ water —> (NaK)OH ¢ 1/2 Hp

From the equation it can be seen that the volume that was once
occupied by one mol of steanm is occupied after the reaction by
only 1/2 mol of hydrogen. :

An example is the third run of this series with the steam
at 200 F.s.i. iauge and 15° superheat. By theoretical calcula-
tions the resulting pressure in the system should be 79 p.s.i.,
while that experienced at the end of the run was 85 p.s.i.

pressure time plot of both the pressure in the NaK and steam
chambers is shown in Figure 2.

The time for the reaction is, however, not indicative of
the speed of the reaction itself, but is limited by the orifice
in its ability to allow the NaK snd the steam to nix. A run
was made using nitrogen in place of the steam, and the time
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required until equilibrium or equal pressures were obtained

in both chambers was only 16% less for the nitrogen run than
that experienced when using stean. ﬁ more complete descrip-
tion is given in a previous report.( )

: From the information thus far collected on suparheated
steam it is concluded that should a leak or break occur in the
superheater little or no damage would result from the reaction
itself, and the highest pressure that would be obtained would
be the pressure of the steam entaring the exchanger.

2, ZIhe first geries of runs gs;ng NaK and liguid water.
This series of water runs was made in the saga-type equipment
as the steam runs except that all extaernal connections in the
bottom or watar chamber were moved from the end plate to the
slde in order to eliminate any pockets that might hinder the
reaction. The equipment vas filled in the same manner as be-
fore with 23 pounds of NaK in the top charber and a measured
auantity of water in the lower chamber. The nitrogen over the
aK was at apgroximatel 30 p.s.i. Eressure while the oan
pressure in the water charber was the vapor pressure of the
water itself at room temperature. When the trigger was fired,
the NaK was forced through the 1/2" orifice into the water
chamber where it traveled approximately one foot onto the water

at the bottom,

The orifice, as in the steanm runs, was again a limiting
factor in that it would allow only a part of the aK necessary
to complete the reaction to come in contact with the water at
any given time. Due to the evolution of Ho, by the reaction a
system of unhalanced pressure was set up which would oscillate
between the two chambers causing the NaK to contact the water in
spurts, which would continue until a sufficient quantity of NakK
was obtalned to react all the water.

In the third run of the series with 200 c.c. of water in
the chamber, the time for complete reaction was approximately
six seconds. A plot of this run, Figure 3, shows the stepwise
increase in pressure and gives the first evidence that even
through the actual chemical reaction of NaK and water 1is ex-
tremely fast, the time of complete reaction is relatively slow
because the two are continually being segarated by the hydrogen
gas given off every time the two reactants make contact. A
conp et?lgescription of this series is given in a previous

report.

. The reaction of NaK and };gg;% wg&gf a -
3 nown interface. Since the or fige, n both

g%uxu:giiﬁ'
slze an position, was the limiting factor in the first series

of water runs, a new setup was made with a 3mall Nall chamber

on the bhottom on which the Klunger seated over the entire
diameter of the chamber. The NaK chamber was completely filled

while the water covered the seat from above so that, when the
pluncer was pulled, the NaK and the water came into imrediate
contact. A sketch of this reactor is shown in Figure 4. The
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aK chamber was nade of standard 1" pipe with the inside

iametar carrging up through the flange to the sharp edged
seat making the total chamber length three inches. After
it had been evacunated, it was completely filled with NaK
through the 1/4" pipe on the bottom. A 1/4" pipe tap was
located on the side for a pressure pickup. The ugper or water
chamher was made of 4" pipe elght inches long with two 1"
pipe outlets on each side. The pres«ure pickup and the 1/4"
f£11ling line was located on the top. After ovacuating, the
water chamber was filled completely with the exception of a
small nitrogen space.

Fcur runs were made in this series., The first two with
the two 1" pipe outlets capped, the last two with a Black,
Sivals, and Bryson safety head flange on one outlet using a
1500 p.s.i. blowout disc.

The first two runs of thigs serles pgave no significant
results; the peak pressure was about 10% greater than the final
pressure, and the time of complete reaction was a little over
1} seconds. See Figure 5 for an example. The film showed
irregnlar marks at the points of reaction similar to marks
made by sound waves.

The last two runs with the 1500 p.s.i. blowout disc com-
plicated the picture in that the discs hroke, and at no time
was the statlc pressure hirher than 20-30 p.s.l. as measured
by the gressure pickup. However, the irregularities (See
Figure 6) at the points of reaction on the film strip were
markedly increased. This irreﬁularity was at first thought
to be shock waves; but since they were not definitely undsr-
stood in this case and do not conforn completely to the con-
ception of a shock wave, hereafter they will be referred to as
a pressure front or the surge of pressure transmitted through
the liquid by a molecular vibration, while pressure existing
in a static state is referred to as statlc pressure.

4, The first attempt to determine the eggect of the
pressure front croated E? the reaction. —%ﬁ this set of runs
an expansion tan was added to the equipment. The addition
was made by connecting 1" standard blacl: iron pipe to the 1"
outlet on the side of the water chamber, and, after making
two right angle bends, was attached to ﬁhe bottom of an ex-
pansion tank, which consisted of 2 feet of 4" Eipe. See
Figure 7 and accompanying notes. Thereafter the equipment is
referred to as being in two parts, the reactor and the ex-
nansion tank, the reactor bheing the Nak and water chanber

and the expansion tanl: the section of 4" pipe overhrad. In
the first set of runs of this series a valve was in the
position shown in the drawingi in the second set of runs it
was replaced by a length of 12 pipe.

The blowout discs that were ruptured in Serles R even
though they were 1500 p.s.i. discs, were extremely t in, .006
inches, and nade of stalnless steei. This thinnoss does not
facilitate much shock absorption since they are quite rigid
and have very little mass. .
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| The General Electric Comgan{ requested that a bellows
valve be tested and rasults obtalned compared to those of
rupture dises. The valve was Eut into the system and two
reactions run., In both runs the remaining 1" outlet on the
regctor was capped and a 120 p.s.i. blowout was placed on

the expansion tank. After evacuating, both the NaK and water
chambers (including the expansion tank) were filled com-
pletely with their respective materials. From the exr:nsion
tank 500 c.c. of water was removed and replaced by nii.rogen
at atmospheric pressure. :

For the first iun nitrogen was forced into the uppermost
part of the reactor with sufficient pressure to reduce the
volume of free space in the expansion tank to 250 c¢c.c., thus
obtaining an equal volume in hoth the reactor and the expan-
sion tank. For the second run no nitrogsn space was in the
reactor, but the entire free space was in the expansion tank.
The 120 p.s.i. rupture disec on the e:pansion tank ruptured
readily. The results of both runs showed no moasurable affect
on the bellows. The flexibility of the bellows was probably
sufficient to absorb any shock that was present.

The next question that arose, also coming from Genseral
Electric Comgany, was whether the rupturing of a blowout dise
in the immediate viclnity of the reaction had any affect on a
second disc some distance away. This prohlem was approached
by two methods, neither with nuch success. The first was
dealt with by the equipment shown in Fugure 7; the other will
be discussed later under Series 5.

The ratings of the blowout dises used on the reactor and
expansion tank were varied to study their effeet. Three runs
were made; the first with a 500 p.s.i. disc on both the reac-
tion and e::pansion chambers; the smccnd with a 500 p.s.i. dise
on the reaction chamber and a 1,000 p.s.i. disc on the expan-
sion tank; and ths third run had a 1,000 p.s.i. disc on the
reaction chamber and a 500 Q.s.i. disc on the expansion tank.
The results were disappoint nf because in the first run both
discs blew and in the succeeding runs none of the disecs
ruptured.

It was at this point that it became evident that the reac-
tion was not going to completion in the same way avery time.
A section of the film strip for cne of the runs 1s shown in
Figure 8. This picture shows the so~-called pressure front set
up by the reaction and the resulting pressure caused by the
flow of water upward into the expansion tank. The peak pres-
sure of highest ﬁoint seen in the photograph in the reactor,
was 590 p.s.i. while in the e:xpansion tanj: the peak pressure
was 780. As a result of the kinetic energy in the fluid
flowing awaf from the reactor and trrough the 1" pipe, it is
not surprising that the pressure in the expansion tank had a

higher peak.
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_ The entire water system was, for the first time, com-
pletely filled with the exception of a small space in the ex-
pansion tank during this series of runs. It would follow from
the above fact that it is quite possible to relieve the
pressure gencrated in the vicinity of the reaction. 1In the
gysterm used, the liquid and liberated gases moved away from
the point of the reaction through the prepared piping which
rmade two right angle bends without damage to the equipment.

5. A geries of tests meaguring gzgggqrg four points
on an extengeg szsiem; e system using four g ckups a
various parts of an extended system was actually run immedi-
ately after the runs using the valve supplied by Gensral
Blectric, but due tc the individuality of the system 1t is
considered separately. This svstem was also suggested by the
General Electric Company and agaln gave meager rasults.

These experiments were sat up using the expansion tank nen-
tioned before and a system of 1" pipe as shown in Flgure 9.

The object of this plan was to determine the ability of the
pressure front to damage blowout diaphragms placed at different
points in the system. The nressure pickups were located as
near the blowout disc as possible. hree runs were made in
this mannar. In the first run the system was completely filled
with water except for a 500 c.c. nitrogen space in the expan-
sion tank. The reaction was set off, and none of the 150
p.s.i. blowout dises ruptured. The system was then drained

and dried and refilled, this time utiliz g a 250 c.c. nitro-
gen space in the expansion tank, with no change in rupture
disc. Thre rupture dise on the expansion tank and on the re-
actor end of the 15 foot length cof pipe broke, leaving only

the other disc intact. It was discovered that the remalning
disc was deformed. This deformation gave rise to the question
of whether all the dises in the first reaction had not been
deforred before the second run was made. The third run was a
duplicate of the seeccnd using all new blowout dises, and none
of them ruptured.

In the second reaction it was noted on the film strip
that a sort of reflection or repeating of the pressure front
recurred four or five times on the trace obtained fron the
pickup at the extrsme and of the 19 foot length of pipe.
This fact was at rfirst attributed to reflections of a shock

the longaest path possible, it was found to have traveled only
about 2760 ft/sec while a shock wave must travel at ligit the
speed of sound or approximately 5000 ft/sec in water.

6. e tests on a o ?Q deternine
the gffgc%oz osition, prassure an ggeeg T the o ,
evice. The runs of Serfes 4 and H were at mﬁfg to soEve
00 many problems at one time with too little fundamental '
knowledge. 1t was decided then to go to a more simple

system (Figure 10) over which greater control of the

factors thousht to be variables might be exerted. It was

b=
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wavei howaver, when the speed of the wave was calculated using
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sure runs here

| pay be peculiar to this system only.

pointed out in Series 4 that the reaction was not renro-
ducible. It was thought that perhaps the trigger mechanisnm
was not pulling the plunger back off the seat with the same
spead in evaery run. To check the sre@d coils cf 136-200
turns were attached to the piston that drivas the plunger
back. The coils were pulled through a rmagnetic field and

the e.m.f. generated was put on one trace of the oscillo-
graph. The plston travels approximately 1/3 its total dis-
tance before it engages the plunger. The pattern shown in
Figure 1l shows thls trace. The E°1nt of contact of the
plston and. the plunger and also the stop that ended the travel
of both can be obsarved. Only one praessure measurement, which
was taken from a pickup located on the reaction chamber, was
made in each of the runs.

Ten runs were made in this series, all of which had a
similar trigger trace thus eliminating the idea that the
variations in the different reactions was due to the unpre-
dicability of the trigger mechanism. ,

The runs were made in four groups, three with the equiﬁ-
ment right side up or with the NaK on Ehe bottom, three wit
the equipment upside down with the NaK on the top, two with
the equipment on its side with the NaK chamher horizontal,

and two with the equipment right side up with an initlal pres-
sure of 400 p.s.i. on the entire systen.

Change of position showed little difference in the reac-
tion ratas as corpared one with another. The upside down runs
were slightly faster. The runs with the initial 400 p.s.i.
pressure showad none of the irregularities, referred to as
pressure front£ that have been seen in the atmospheric pres-
ofors, .

.The time of complete reaction of all the runs was in
the same order. For a period of 1 to 1% seccnds after the
plunger came off its seat there was little change in static
pressure after which time the pressure roseto its static peak
in approximatel¥ 1/4 to 1/2 seconds. This pressure change
during the reaction apgeared to be independent of the position
of the reactor and of the initial pressure on the equipment.

Another test was made to try to see visually what happened
during the reaction. For this test a 1" pipe nipple three
inches long was capped at one end making a container that was
later filled with NaK. The top of the container was covered
with a verK porous paper to prevent spilling. The container
was then thrown into a pond and the effect observed. When
the pipe hit the water a sharp and short report was observed
and then from under the water a steady stream of small bubbles
arose and continued for approximately two seconds.

This series of runs was of great valie in that some of
the questions as to the peculiarities of this individual system
were answered. The fact that in ten runs there was little or

' no difference avident in the tri;ger trace almost elininates

this as a factor in the non-reproducibility of the reaction.
The fact that the position had little effect on the reaction
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The runs with an initial pressure of 400 p.s.i. indicate
that the size of the "gas bubble™ has considerable effect on
the pressure front but has little effect on the complete reac-
tion. A discussion of this "gas bubble" effect will be pre-
sented in a later section of this report.

7. Second gt?eﬂpg o deggrgéne ;gg‘ggﬁeig he pressure
;ﬁnt ) Egg%_go s series o r%s%’zgs an
attempt to separate the effect of the pressure front and of

the static pressure build up. To estimate the effects, so-
called test sections were made by flattening 3/4" 0.D. tubing
of .035" wall to 1/2" outside measurements-for a length of 2",
See Figure 12. This flattened section was plugged at one end
and silver soldered at the oth.,r to a standard 1" pipe cap.
A numbar of these test sections were nade up all from the

same section of tubing. One test secticn was then subjected
to 200, 400, 600, 800, 1000 p.s.i. prassure. Before and after
each pressure, the dimensions of the piece were neasured to
deternine the narmanent set in the section caused by the
static pressure. The dimension reasurements of the piece were
nade by gauging the thickness at three points along the 2"
flattened part and by measuring the volume. The changes in
the thickness and volume were plotted against the pressure
causing the change and a smooth curve drawn‘connecting the
points. The remaining test sections were placed on the equip-
ment one at.a time and the equipmant fired. From the change
in thickness and volume the effective pressure could be de-
termined that had been in the test section. Knowing the actual
geak static pressure that was in the equipmant as indicated

y the film strip, it has to follow that any discrepancy be-
tween the two nmust be due to the pressure front.

Twelve runs have been nade startin% at atmospheric .
pressure, which are in three classifications. Figure 13 shows
the setup for all the runs in this section except the second
classification., The first three runs were made after filllng
the equipment with water and then draining 379 c.c. from the
expansion tank and at the same time replacing 1t with nitrogen
at atmospheric pressure. 1In all three runs the pressure in-
dicated on the test section and the peak pressures indicated
by the film strip were approxinmately 600 p.s.i.

The next three runs were made with no expansion tank but
a 250 c.c. nitrogen space in the reactor. A test section was
on one of the 1" pipe outlets and a blovout disc on the other.
In the first run a 1500 p.s.i. blowout disc was used. The
equipment was fired and the blowout disc did not rupture. The

test section and film strighboth indicated a‘pragguietofthe
ar to

approximately 850 p.s.i. e second run wag gim
£ gst exceptthzt ghe water was heated to lgan. The blowout
patch again did not rupture, and the test section and f£ilm
strip both indicated approximately 950 p.s.i. For the third
run a 120 p.s.i. blowont patch was used with weter agaln at
roon temperature. This time the blowout gatch ruptured.
highest peak pressure that was indlcated the film strip was
too smalg to measure (less than 30 lbs.) while the test section

-indicated 1090 p,aSoio
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The first six runs (above) of this series indicated that
if the effectlive pressure damage of the test piece, is plotte&
a%ainst the final static pressure, there was some optimum point
of flnal statlc pressure where the least anount of damage would
be done as indicated on the test section. (See Figure 14 and

. points denoted hy subseript 1).

» T
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The laest six runs of this section constituted an attempt
to find that optimum point. The equipment was charged varying
the nitrogen space in the expansion tank to give a variation -
in the final static pressure from 50 to 500 p.s.i. This geries
of runs did not give the evidence desired because of poor re-
groducibillty of the reaction in respect to the test section,

his reproducibility will be discussed later.

It is impossible to draw a definite conclusion from the 3
data as presented; however, it does not rule out the possibility :
that the optimum point as presented earlier does not exist.

The data 1s nresented in graphic form in Figure 14, in which

1s plotted against the final static pressure, the effective
pressure from the taest plece and the actual peak static pressur
as indicated on the film strip. The subgeripts 1 and 2 indi-
catg the runs made in the first and second sets of six runs
each.

8, Third attempt to dagarm%ne the effect of the pregst
front create the reactIon. In the runs made in Series g
} where approximately 400 p.S.i. initial pressure was on the

system, thare were no noticeable irregularities called pressure

} ' front seen on the film strip. This series of runs was an in-
vestigation of the effect of initial pressure as to its ability
to cut down cr eliminate the pressure front damaga. Three sets
of runs have bheen made in the same equipment as Series 7. 1In
each set the volume of the nitrogen space in the expansion
tani: wai gixed while the initial pressure on the entire system
was varied. ' '

®

In the first set of runs the nitroren space in the aex-
pansion tank was such as to give a 200 p.s.i. pressure rise
for the complete reaction. The initlal pressure was varied
at 0, 50, 100, 200, 400, and 700 p.s.i. After the reactions
were run a plot was made of the indicated test plece pressure
and the actual peak static pressure from the film strip versus
initial pressure (See Figure 15). The plot shows that if
sufficient pressure is on the system the pressure front damage
is eliminated. (A discussion as to the probable reason for
this will follow later.)

The sacond set is a duplicate of the 50, 100, 200, and
400 p.s.i. initial pressure runs in the first set’except that
1 a relief valve was added to the system. The relief valve used
| was originally a 1000 p.s.i. hydrolic type in which the spring
F was changed in order that the relief setting niﬁht be approxi-
! . mately 50 p.s.i. above the initial pressure, This arrangement
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worked very well at the higher pressnres but at the 50 p.s.i.
initial pressure run the relief valve blew down so far that it.
eliminatsd the effect of the initial pressure. The rasults

of the four runs in this set have bsen plotted in Figure 16
vhere it can be noted the saving of 100 to 150 p.s.i. pressure
in the 200 and 400 initial pressure runs.

In the third set of runs the nitrogen space was set to

five a final pressure rise of 400 p.s.1. Runs were made with

nitial pressures of 0, 50, 100, 200, and 40C p.s.i. It was
learned 1n Series 7 that a decrease in volume also had a tene
dency to curtall pressure front damage. The combination effect
of initial pressure and the decrease in volume in the expan-
sion tank show up in the plot (Figure 17), similar to that of
the first set of runs, in that the effective test plece pres~
sure did not go through a minimum.

. BSTIMATED FINAL PRi;SSURES AND TEMPERATURES
OF SEVERAL REACTIONS AT CONSTANT VOLUME
IN A COUPLETBLY FILLED CONTAINGZR

An estimation of the final pressures and temperatures at
constant volume has been made and the results plotted (See
Figure 22) for several reactions using 1 mol of sodium and
varying the quantity of water present. For these calculations
the physical properties of the products of the reaction were
taken from the immediatelK avallable literature and are
therefore subject to slight error. A possible error is also

envolved in extrapolating the values for the physical proggrties,
e

into the range of high temperatures and high pressures,
results of the calculations add much to the information col-
lected to date on the reaction of NaK and liquid water,

In considering the reaction, there are a number of things
that can effect the volume the hydrogen wlll occupy after
completion. Four of the factors are listed helow.

1. There is a reduction in volume in going from the
non-gaseous reactants to the non-gaseous products
of the reaction. This created volume is occupied
by the generated hydrogen and fixes the maximum
pressure that can ever be obtained due to the
reaction.

2. If there is an excess of water or of sodium, an
additional volume in which to confine the
hydrogen is realized due to the compressibility
of the reactant 1ln excess.,

3. In the calculations no additional volume was added
for the expansion, due to presgsure, of the con-
tainer, nor was a reduction in volume corsidered
due to the thermal expansion of the non-gaseous
products of the reaction. .
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4, No consideration was given the solubility of
hydrcgen in either sodium or water.

The calculations were made assuming first, a completely
adiabatic process and second, a completely 1sothermal pro-
cess. This method gives the two extremes in the final
pressure. Since in an actual reaction the container and
surroundings will absorb part of the heat but not all of 1t,
the finaldconditions must be somewhere between the points
calculated,

In the reaction with, an excess of either sodium or
HpO0 in the adiabatic process, an instantaneous heat transfer
rate has to be assumed for the excess material. An in-
stantaneous heat transfer rate can not exist but neither
is the reaction instantaneous.

The chemical equations used for the calculations are

#1. 2Na + 2Na o HoO —» Nas0 + Hy + 2Na
#2. 2Na & HoO — Nag0 « Hp
#3, Na & HpO —>NaOH & 1/2H;

#4. Na + Hp0 ¢ 2.22Hp0 — NaOH-2.22Hp0 & 1/2Hp (a)

#5, Na ¢ Ho0 & 20.0H20 —» NaOH-20,0H20 & 1/2H2 (b)

#6. Na + HyO & 220,00 -—» NaOH-220,0H0 & 1/2H, (@)

(a) to give a 50 Wgt. % solution of NaOH in HpO.
(b) to give a 10 Wgt. % solution of NaOH in Hp0.
(c) to give a 1 Wgt. % solution of NaOH in Hy0.

#1 2Na & 2Na ¢ Hy0 —> Nag0 + Hy ¢ 2Na
Volume of 4Na = Wgt./sp.gr.8) = 92/0.97 = 95.0 cec

Volume of HoO s 18/1 = 18,0 ce
Total volume before reaction = 113.0 ec

(a) The values used for sp.gr ?ere taken from the Handbook
of Chemistry and Physics.(3
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Volume of Nay0

& (2/2.27 = 27.3 cc
Volume of 2Na =z 46/0.97 = 47.5 ce
Total volume of non-gaseous products 2 74,8 cc

Remaining volume for the Hy = 113.0 - 74.8 ® 38.2 cc

ISOTHERMAL REACTION

° (b)
v e by x Vo 1 atm
P M.Wo

where v is the volume6 f is the compressibility factor,
P is the pressure, Vo® 1 atm is the volume of gas at
1 atm, and M.W. is the molecular weight,

£ _ 22,428 by
38.2 = T

= * 5:6igz - s .00343

From the table of compressibility for Hp a value of
200343 gives '

P = 5,800 p.s.i.

oiry

ADIABATIC REACTION

The heat given up by the reaction is,obtained by the

difference in the heats of formation(€J) of the compounds
in equation # 1 ‘

Q = 99,450 -~ 68,320 = 31,130 cal,

For the Q calculated, the Hp was at atmospheric pressure.
It is assumed that the energy required to compress the

gas 1s equal to the energy gain, and the oan addition
necessary is the work in expanding against the atmosphere.

worle = p V2 = V1 _ 980 x 22,428
work = P .__Tr_JL = oo Ay " 523 cal

then the total heat of the reaction 1s 31,130 ¢ 523 =
31,653 cal.

(b) The equation for the compressibility of gases and the

(e)

values us?g for Ho were taken from Chemical Engineers
Handbook. (%)

The heats of formation were tg?en from Hougen and Watson,
Chemical Process Principles. :
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#2 2Na » Hy0 —>Nan0 ¢ Hy

ISOTHIRMAL REACTION

(a)
4))
(e)

In the adlabatic process all the heat of the reaction
must go into the products of the reaction only. Plotf
for tgg total h?a§ content have been prepared for Na, a)
Nag0, ) "and Ho\C/, These plots are presented in
Figures 17, 18, and 19.

Assuming a temperature of 1880°K the total heat distribu- .
tion in the Na, Naj0, and Hp from the total heat curves is.

12,400 + 4000 a 15,200 = 31,600 while q = 31,653
Then T = 1080°k or 1483°F

Since hydrogen at high pressure tends to bshave more

and nore like an ideal gas with incrnased temperature it
is assumed that the perfect gas laws can be used to f£find
the final pressure.

P2 = F—l‘. V! X Te = 1407 X 22,800 X 1080 e 32.400 poSoio
Ty x Vo 291 x 38.2 |

Volume of‘2Na

= 46/0.97 = 47.5 cc
Volume of HpO = 18/1 = 18.0 ce
Total volume before reaction = 65.5 cc
Volume of NapO = 27.3 cc
Remaining volume for the Hy = 65.5 - 27.3 = 38.2 cc

Since the volume and quantity of Hp is the same as in
equation # 1

P = 5,800 pos.i..

The data for Na, Figure 17, g3re calculated from Ginnings,
Douglas, and Balits report.(

The total heat curve for Naj0 in Figure 18 w?§ prepared
by calculating the data presented by Naylor. )
The total heat curve, Figure 19, was calculated from the

sp.ht. e ion for H, given in Getman and Danilals
Tgxtbook??gs 2 & .
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ADIABATIC RiZACTION

The total heat, including the work factor, is ggain
the same as calculated for equation # 1 or 31,

3 calq

The heat must go into the Na20 and the Ho, ﬁpres 18

and 19 give the total heat curve for Nap

Assuming a temperature of 1258°K
then 26,653 ¢ 5000 = 31,653 cal.

Is 1258 K or 1772°F
Assuming an ideal gas
pp = A:7X 22,800 x 1258 _

7,800 pos.io
291 x 38.2 37 P8

# 3 Na # HoO —» NaOH ¢ 1/2Hp

Volume of Na = 23/0.97 =& 23.7 cc
Volume of Hp0 2 18/1 = 18.0 cc
Total volume before reaction = 41.7 cc
Volume of NaOH = 40/2.13 = 18.76 cc
Remaining volume for the Hy, = 47.1 - 18.76 = 22.94 cc

ISOTHERMAL REACTION
Vo© 1 atm
M. W,

.t
vsT X
P

22,96 = L x 1L214 £ _

P * Z.0154° »p

.00410

Fron the table for the compressibility of Hp a value of %

= .00410 gives
= 4,700 pQSoio

AbIABATIC‘REACTION

The heat of the reaction at atmospheric pressure is
Q = 101,960 - 68,320 = 33,640 cal
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P(Vh = V 1,214 x 980
expansion work = -}—3—:1-—12- z -Jfgég'mgy' a2 266

total heat = 33,640 ¢ 266 = 33,906.

The heat must go in the liy and NaOH §1gure 19 and 20
give the total heat curves for HaOH(8) and Ho.

Assuming a temperature of 17009K the total heats are
30,000 ¢ 1/2 7,600 = 33,800 cal while q = 33,906,
Temperature = 1700°K or 2,600°F

Assuming an ideal gas
14.7 x 11,400 x 1700

= 43,700 p.s.l.
291 x 22.96

- Po o=

#4 Na ¢ Hy0 & 2,22H50 —->NaOH-2,22Hp0 ¢ 1/2H
Volume of Na ; = 23/0.97
Volume of 3.22Hp0 = 58/0.97

0

23.7 ce
5800 cec

Total volume before reaction
Volume of NaOH-2,22H50 - 705 = 54.4 cc
Volume for the Hp = 81.7 - 54.4 = 29.3 cc

ISOTHERMAL REACTION

f Vol 1 atm
-x-——-—-———
P M.W,

v @

. by £
29.3 = P ¥ %%6%%%, ? e 00525

From the table for Hp at § = .00525, P = 3530 p.s.i,

ADIABATIC REZACTION

With the addition of the heat of solution‘®? to the
heat of formation

Q = 101,960 - 68,320 4 5000 = 38,640 cal

(a) The total heat curve, Figure 20, assuming the sp.ht. re- -
ported by xefgghkovich and Vismorskie is constant for all
temperatures The heat of transitio? Bgd heat of fusion
reported by von Heresy is also included{l

(b) Data taken from Hogen and Watson Textbook(5).
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work energy as before = 266 cal
Total heat q = 38,640 ¢+ 266 = 38,906

Assuming t?e sp.ht. of 50% aqueous solution of NaOH
to be .764(a),

Assume a temperature of 911°K

- then 610 x 764 x 80 + 1/2 3100 = 38,850 cal
Temperature = 9119k or 1180°F

14,7 x 11,214 x 911

P2 = 291 x 2903 = 12.499 203010 ‘

#5 Na ¢ Ho0 & 20Hp0 —» NaOHe20H50 &+ 1/2Hp
Volume of Na = 23/0.97 = 23.7 cc
Volume of 21H20 = 378/0.97 = 378.0 cec
Total volume before reaction =  401.7 cc

Volume of NaOH:20H20 = I%ggg = 360.7 cc
Remaining volume for the Ho0 = 401.7 - 360.7 = 41.0 cc

ISOTHERMAL RIEACTION

Assuning only the HpO in the NaOH is compressible and
assuming a pressure of 170 atm. Fh? compressibility
factor Is 1.0015 - .9942 = ,0073(b/),

The additional volume = .0073 x 360 = 2.62 cc
£ Vo1 atm

v = ‘
p M.Wo

11,214

x 30152

The pressure represented by an % of .00782 is
P = 167 atn. or 2,460 p.s.i.

41,0 ¢ 2.62 = - s ,00782

T
‘gl

Data taken from Bertelli and McCabe(11),

Com ressigé}ity of water taken from Mechanical Enginears
Handbook o
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(a) Data taken from Bertelli and McCabe(1l),

ADIABATIC REACTION

The total heat of the reactlion including work is
Q = 101,960 - 68,320 + 10,300 ¢ 266 = 44,206 cal

Assuming the sp.ht. of NaOH<20H>0 to be °923(')
and assuming a temperature of 410°K, then

400 X .923 x 119 + 1/2 550 = 44,275 cal

Assuming 210 atm. final pressure the cnm pregsibility
factor for the water is 1.0015 - .993 = .0085,

The additional volume is .0085 x 360 = 3.06 cec

°
vs & x Vo 1 atm

M.Wo

41.0 ¢ 3.06 =

11,214 ¢
¥ Z.0188® ¢ © 00773

~y Qi

P = 137°C and £ of ,00773 = 219 atm :
P = 3,220 pesoio
T = 278°F

#6 Na o Hy0 ¢ 220H,0 -~ NaOH.220H,0 « 1/2H,

Volume of Na = 23/0.97 = 23.7 cc
Volume of 221 Hp0 = 3978/1 = 3978.0 cc
Total volume before reaction 4001.7 cc

Volume of NeOH 220 Hy0 = yi3R8e- = 3961.2 cc

Remaining volume for Hp = 4001.7 - 3961.2 = 40.5 cc

ISOTHERNAL REACTION

Assuming 110 atm ov = 1,0015 - .9965 = ,0050
The additional volume = 3960 x .0050 = 19.8

- 17o




Vo® 1 atm
M.

aire

0.5+ 19.8 = & x 33887, L= o802

P 3 110.9 atm or 1627 p.s.i.

ADIABATIC REACTION

The total heat of the reaction including work 1s
q =101,960 - 68,320 + 10,120 -~ 266 = 44,020 cal

Assuming the sp.ht, of NaOH-220H;0 to be .985 and
assuning a temperature of 302K

then 4000 x .985 x 11 + 1/2 250 = 43,525 cal
T = 3029 or 84°F

Assuming 110 atm final pressure the compressibility
factor for water is 1.001% - .9965 = .0050

Additional volume = 3960 x .0050 = 19.8

P at % of .0182 and 84°F = 113 atm
P = 1660 p.s.i.

The above calculations are for complete reaction assuming
that all the product heat goes into the NaOH or Nap0O and the
Ho. This is the extreme case above which higher pressures and
temperatures are impossible. However, in any reaction the
heat cannot be isclated from its surroundings and with suffi-
clent time the entire system must come to equal temperature.

DISCUSSION

The fact that the reaction is not reproducible has been
of great concern, and untll recently no satisfactory theory as
to the nature of the reaction could be given that would explain
the wide differences in results obtained in the 71 runs made
to date. However, in light of the information obtained in
Series 7 and 8, a supposition has baen rade as to the actual
mixing and reacting of the NaK and the water during any run.

It has been shown in Series 6 that the non-reproducibility
of the reaction is not in the trigger mechanism and so thersfore
must be in the reaction itself.

~18-
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Series 7 gives a method of separating the_effect of
pressure front and static pressure build-up., It was noted
in Serles 7 that in the runs where the pressure front damage
was in excess to that of static pressure build-up there was
always two or more sets of irregularities on the film pressure
trace. Also it was noted that in the same runs the subsequent
marks were always greater than the marks designating the
opening of the plunger.

This fact is evident in Figure 8 where the slight dis-
turbance of the trigger ogening can be seen on the right hand
side of the upper trace while the greatest disturbance 1s
some three cycles downfilm (this time of 3 cycles is not
necessarily representative of all the runs since sometimes
Zhe tiTe ?etween the first and second pulse is as much as

0 cycles).

When the plunger is pulled back from the seat, it creates
an instantaneous void space that must be replaced ﬁy the water.
This water can enter from any one or all points around the
entire diameter of the seat. If the water enters slightly
faster from one side than from the other, the reaction would
take place first from that side. Vhen the water and the NakK
make contact a hydrogen bubble is formed which displaces
small quantity of NaK that will be swept out of the NaK chamber
into the surrounding water. This small gquantity of free NaK
will react rapidly with the water, thereby creating an in-
stantaneous pressure or pressure front, (the second set of
irregular marks on the film). The remaining NaK and water
which 1s constantly beilng separated by the hydroEen will again
go through the same process until such time as the water en-
tering and the hydrogen given up by the reaction will reach
an equilibrium at which time the pressure rige will follow in
a steady state.

The preceeding supposition is substantiated by two facts:
(1) that in the runs where an initial pressure was on the
system the gas bubble generated would necessarily be smaller
and the sweeping effect not as great, thereby eliminating the
high pressure front vibrations; (2) that in the test where
the 1" pige nipple was thrown {nto’ the pond there was a sharp
report followed by a steady stream of small bubbles coming up
to the surface of the pond,

It has been shown until the time of complete reaction in
the tests presented, that the reactants are continuously being
separated by the Ho that 1s given up, thus.increasing the
total reactlon time. 1t has also been shown in Section 1 that
the final temperature and pressure of the reaction can be pre-
dicted assuming the heat of the reactor is distributed equally
among the products of the reaction and the surroundings. How-
aver, any intermediate step in the reaction is unpredictable.
It 1s not known at any instant how much of the products have
reacted or how much heat goes into the gas that has reacted;

-19-
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consequently, the instantaneous volume or Rressure is un-
known, The retention of all the heat of the reactions only
by the products of the reaction is impossible and does not
occur, but a part of the heat can and does remain in the gas,
and for an instant a tremendous surge of pressure 1s generated
which will show up as a pressure front and also start the
movement of the surrounding liquid away from the point of
reaction. It is unfortunate then that the water and NaK
cannot maintain contact, and for this reason the total time
of the complete reaction is increased thus allowing more time
for the heat of the reaction to be dissipated into the
surrounding naterials.

Other investigators in the fleld have encounterad the
same problem as presented here, the poor reproducibilit{ of
the reaction in relation to the phenomenon referred to 1ln
this repfig as pressure front. he Naval Research Laborgtory
reported ) peak pressures in some instances nearly 1?9
greater than the final equalibrium values. Kilpatrick 4)
reports two definite stages to the reaction with a pressure
rise far in excess to the expected pressure; he also reports
the second rise larger than the first.

Both NRL and Kilpatrick attribute nert of the high peak
pressures obtained to vapor pressure of the surrounding water
in that the heat of the reaction has, at the instant, not
sufficient time to be dissipated to the surrounding material.
This fact maK be true, however, it is the opinion of the
authors of this paper that due to the extremely high pressure
existing in the pressure front, vaporization to any noticeable
extent will not take place and the peak 1s a result of the
instantaneous high heat content of the hydrogen gas-.

CONCLUSIONS

It can be stated that the reaction of NaK and superheated
steam is of little danger to equiprment or personnel and that
the reaction liberates a smaller volume of hydrogen than that
which was originally occupied by th? gteam. This fact has
been presented in a grevious report{(l) and has also bean dis-
cussed under Seriee I under this report. The steam-NaK re-
action can be summerized bK the statement that should a break
occur in the superheater the resulting pressure on the entire
system cannot exceed the pressure of the steam entering the
cKamber. This conclusion assumes the NaK does not flow back
through the steam pipes into the separator or any place it
might £ind 1liquid water.

Two conclusions can thus far be drawn for the reaction
between NaK and liquid water:
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The reaction of NaK and liquid water is im-
peded by the continual separation of the two

reactants by the generated hydrogen. This
saparation of the two roactants increases the
time required for a total reaction and makes it
gossible to relieve the pressures gensrated
hrough prepared piping.

BK rneans of the initial pressure on the system
the pressure frcnt craated b{ the reaction can
be controlled, making it posslble to design
equipment only to withstand the pressure gen-
erated by the complete reaction.

FUTURK; WORK

This paper cannot at this time set down hard and fast
safety rules for the design of exchangers using NaK and water.
Eore gork is necessary be

e made.

ore definite recommendations can
The plans for the future work are:

In the immedlate future it is planned to make
more runs in the present equipmant described
in Series & in which both initial pressure
and volume will be varied.

Study should be rade of the reaction at
elevated temperatures.

It would be advisable to set up a system in
which both streams are flowing, that is, sim-
ilating a heat exchanger in operation. This
systemn should include shutoff valves and relief

piping.

It 1s hoped that the pressure rmeasuring equip-
nent can be nodified for the use of strain
gauges in order to obtain a linear pressure
response.

A nore fundamental study of the reaction
could he made with high speed motion pictures.

A reactor with completely filled chambers and
no nitrogen spacs might be of value in checking
the theoratical calculations.
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REPRODUCTION OF THE SECTION OF THE FILM STRIP
SHOWING THE PRESSURE FRONT CREATED BY THE FIRST REACTION
OF RUN 3-4, . '
Time goes from right to left.
Upper trace represents pressure in Hy0 chamber.
Lower trace represents pressure in NaK chamber.
BEvenly spaced pips in upper trace are 1/60 second

apart in time.
Trace width represents pounds/sq.in.

Approximate Scale
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Figure 8

SECTION OF THE FILM STRIP FROM THE
SECOND RUN OF THE SECOND SERIES AS DESCRIBED
IN SECTION 4.

Time goes from right to left.

The upper trace represents the pressure in the
reactor.

The lower trace fepresents the pressure in the
expansion tank.

The highest peak shown in the reactor is 550 p.s.i.
The highest peak in the expansion tank is 780 p.s.i.

The regular pips occurrins‘in the lower trace are
time marks representing 1/60 second.
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Figure 11
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TRIGGER TRACE AS DESCRIBED IN SECTION 6

Time moves from right to left.

Time marks at 1/60 second intervals.
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HEAT CONTENT IN K- CAL/ MOL.
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FIG 18 TOTAL HEAT CURVE FOR Na ABOVE 29/ °K
| DATA TAKEN FROM (¢)
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ASSUMING :
THE SP.-HT. OF Na.OH TO BE .4854 (9)

HEAT OF TRANSION 990 CAL/MOL.AT 572 °K (/o)

HEAT OF FUSION 1602 CAL/MOL. AT 59!/ °K (/0)




S

SSURE IN L85/S5Q IN.

pres

ESTIMATED FINAL PRESSURE AND TEMPERATUPE. RESU

A P

Al
$000 T TTT T 17
=TT T F———t—r
48000 REACTION REACTION
GOLS TO . §0&s 7O
46000 ha, 0 M OH.
4400 .
42000 #
~
4000 —#
g AN
3800 X
3600 b X
340 4 \
32000 2 © FINAL PRESSURE /SOTHERMAL REACTION
: y | & FINAL TEMPERATURE ADIABATIC FEACTION
3000 , @ FINAL PRESSURE ADIABATIC REACTION 3000
1
28.00 ‘\ . 2800
26,000 S 2600
) / Y
24000 ;r . 2400,
°
2200 i \ 220
A &
20,000 — 2000 P
Z \ i <
18,000 ¢ | 150
16000 N \ 1600 §
140 4 SR 1400
12 1200
00 N 1000
WA
8000 << 800
§00 et - SN §00
4000 = + _ 0
2 T gt = 200
0 ‘ L ' L
2 567891 20 40 60 100 200 400 600 1000 2000 4000 $000
GRS OF WATER REACTED WiTH 23 GRAMS OF SODIUM
Fre, 22

v L)
’ o XA TRERPERATINE OF /8

A ..

W T YT T s ey
{ { [ Y ¥ oy
. #

TING FROM TNE REACT/

oV

NTIAL




